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Essentials
• Discovery of predictive biomarkers of venous thromboembolism (VTE) may aid risk stratification.
• A case-control study where plasma was sampled before the occurrence of VTE was established.
• We generated untargeted plasma proteomic profiles of 200 individuals by use of mass spectrometry.
• Assessment of the biomarker potential of 501 proteins yielded 46 biomarker candidates.
Abstract. Background: Prophylactic anticoagulant treatment may substantially reduce the incidence of venous thromboembolism (VTE) but entails considerable risk of severe bleeding. Identification of individuals at high risk of VTE through the use of predictive biomarkers is desirable in order to achieve a favorable benefit-to-harm ratio. Objective: We aimed to identify predictive protein biomarker candidates of VTE. Methods: We performed a case-control study of 200 individuals that participated in the Tromsø Study, a population-based cohort, where blood samples were collected before the VTE events occurred. Untargeted tandem mass tag-synchronous precursor selection-mass spectrometry (TMT-SPS-MS3)-based proteomic profiling was used to study the plasma proteomes of each individual. Results: Of the 501 proteins detected in a sufficient number of samples to allow multivariate analysis, 46 proteins were associated with VTE case-control status with P-values below the 0.05 significance threshold. The strongest predictive biomarker candidates, assessed by statistical significance, were transthyretin, vitamin K-dependent protein Z and protein/nucleic acid deglycase DJ-1. Conclusions: Our untargeted
Introduction
Venous thromboembolism (VTE), a collective term for deep vein thrombosis and pulmonary embolism, has an annual incidence rate of 1-2 per 1000 persons [1] . The health burden caused by VTE is immense, and it is expected to grow with the aging of the population and the increasing prevalence of major risk factors for VTE, such as obesity and cancer [2] [3] [4] [5] . Prophylactic anticoagulant treatment in situations of high VTE risk provides an effective strategy for VTE prevention but entails a substantial risk of severe bleeding [6, 7] . Thromboprophylaxis with anticoagulants should therefore be targeted towards individuals with the highest VTE risk in order to achieve a favorable benefit-to-harm ratio. Venous thromboembolism is a complex disease that occurs as a result of interactions between inherited and acquired factors [8] . Several genetic variants and the levels of numerous plasma proteins, mostly with roles in coagulation or fibrinolysis, have been shown to be associated with VTE [1, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, few prospective studies have successfully shown associations between protein biomarker levels at baseline and risk of future incident VTE [11, 13, 17, 18] . The discovery of novel biomarkers for risk prediction of incident VTE in the general population is therefore warranted. Furthermore, the identification of individuals at high risk of VTE is challenging, as it requires integration of both clinical risk factors and biomarkers. Current risk prediction models for VTE are often restricted to patient subgroups and they have shown limited predictive power, particularly in validation studies [11, [19] [20] [21] [22] .
The proteomic profile of blood plasma is influenced by both genetic and environmental factors that may affect the risk of VTE. Combined with the minimal invasiveness and cost of blood sampling, blood plasma is a clinically attractive and relevant specimen for the discovery of novel biomarkers for VTE. Recent advances in mass spectrometry technology have increased the feasibility of mass spectrometry (MS)-based biomarker discovery studies. Improved accuracy in relative protein quantification combined with the development of sample-multiplexing protocols has made MS an attractive technology for plasma biomarker discovery [23] [24] [25] [26] .
This study was designed to identify novel plasma protein biomarkers for future incident VTE. We combined tandem-mass-tag (TMT) 10-plexing with synchronous precursor selection (SPS)-MS (MS3) to generate untargeted proteomic profiles [26] . Our study included 100 individuals who developed VTE and 100 age and sexmatched control individuals selected from a populationbased cohort where plasma samples were collected before the VTE events occurred. To our knowledge, this study is the first to employ untargeted plasma proteomic profiling with the objective to discover predictive biomarkers for incident VTE, and is the first to take advantage of the improved accuracy of MS3 in a larger plasma proteomic study. We identified a panel of 46 biomarker candidates worthy of further investigation and validation.
Materials and methods
Data created for this study are available on request from John-Bjarne Hansen.
Source population
Participants were recruited from the fourth survey of the Tromsø Study conducted in 1994-1995, where all inhabitants of Tromsø (Norway) older than 24 years of age were invited to participate in a prospective health survey [27] . The participation rate was 77%, with 27 158 individuals attending the first visit. Additionally, a subset of the participants was invited for a more extensive examination, and 7965 individuals participated in the second visit. Those who did not consent to medical research (n = 300), those who were not officially registered as inhabitants of the municipality of Tromsø at baseline (n = 43) and those with a known pre-baseline history of VTE (n = 47) were excluded from the study. The remaining participants (n = 26 768) were followed from the date of enrollment until 1 September 2007. All first lifetime events of VTE occurring among the participants during follow-up were identified from the discharge diagnosis registry, the autopsy registry and the radiology procedure registry at the University Hospital of North Norway, which is the sole hospital in the Tromsø region. Trained personnel adjudicated each VTE by extensive medical records review. A VTE was adjudicated if the presence of signs and symptoms of deep vein thrombosis or pulmonary embolism were combined with objective confirmation by radiological procedures, which resulted in treatment initiation (unless contraindications were specified) as previously described [28] . In total, 462 VTE events occurred in the follow-up period. A VTE event was classified as provoked (≥1 provoking factors) or unprovoked (no provoking factors), according to the presence of provoking factors at the time of diagnosis. Provoking factors were: recent surgery or trauma within the previous 8 weeks, acute medical conditions (acute MI, ischemic stroke or major infectious disease), active cancer (as defined in [29] ), marked immobilization (bed rest >3 days, wheelchair, or long-distance travel exceeding 4 h within the last 14 days prior to the event), or other provoking factors specifically described by a physician in the medical record (e.g. intravascular catheter). We did not have valid information on the use of relevant medications at the time of blood sampling.
The study population
From the source population, we established a case-control study of 100 VTE cases and 100 controls. For each VTE case, an age-and sex-matched control was randomly sampled from the source cohort. Cases were prioritized according to the shortest time from blood sampling to VTE, and the first 100 case-control pairs where both plasma samples passed quality control (as described below) were included to form our case-control study.
Ethics approval
All participants provided informed written consent to participate, in accordance with the declaration of Helsinki. The study was approved by the Regional Committee of Medical and Health Research Ethics. were processed within 1 h by centrifugation at 3000 9 g for 10 min at 22°C, and plasma was collected and frozen in 1-mL aliquots. Plasma samples were generated at the same unit and stored at À70°C by the Tromsø Study until shipment on dry ice to Proteomic Sciences (Cobham, United Kingdom) for analysis. Samples were shipped in two batches with case-control sample pairs in the same shipment.
Quality control
The plasma samples obtained from the Tromsø Study were inspected visually for signs of hemolysis and the protein content was determined by Bradford assay (Biorad, Hercules, CA, USA). Signs of sample protein degradation were assessed by Coomassie Blue visualization of 10 lg of protein from each sample separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis on a 4-20% Criterion gradient gel (Biorad). The first 100 sample-pairs where both case and control samples passed quality control as assessed by hemolysis, protein concentration (mean AE 2 standard deviations) and sodium dodecyl sulfate polyacrylamide gel electrophoresis band pattern were included in the study. After albumin and IgG depletion, 17 samples were picked randomly for quality control on sodium dodecyl sulfate polyacrylamide gel electrophoresis as described above and passed quality control ( Figure S1 ).
Sample preparation and mass spectrometry
A description of sample preparation, labeling, multiplexing and the generation of mass spectrometry raw data is provided in Data S1.
Mass spectrometry data analysis
Proteome Discoverer v2.1 (Thermo Scientific, Waltham, MA, USA) was used as a data processing interface for all raw files, which were processed together to yield an accurate false discovery rate [30] . The false discovery rate was set to 1% for both peptide and protein levels using a reverse database strategy [31] .We used spectrum selector default settings and SequestHT to identify peptides mapping to the Gencode human proteins sequence database (Gencode 19) [32] . Oxidized methionine was included as a variable modification. Carbamidomethylation of cysteine, and 10-plex TMT-labels on peptide amino-termini and lysines were included as fixed modifications. Trypsin was selected as the protolytic enzyme and a maximum of three potential missed cleavages was allowed. Reporter ion signal-to-noise ratios were extracted with the reporter ions quantifier node in Proteome Discoverer and were exported for relative quantification. Labeling efficiency was checked by initially searching for the TMT labels as a dynamic modification and comparing the percentage of detected lysines and peptide N-termini that are labeled vs. total detected. Labeling efficiency exceeded 98%.
Data processing and analysis
Peptide-level filtering excluded peptides with isolation interference greater than 25% or average reporter ion signal-to-noise ratios below 10. Peptide-level signal-to-noise ratios were summed to estimate protein abundances, enforcing the principle of parsimony. Values from technical duplicates were averaged if both values were available. Otherwise, non-missing values were used. Data were normalized in a two-step process as previously described [33] .
Post-normalization data quality control
Proteins with measurements in all samples were used in unsupervised hierarchical clustering of Spearman's correlations between individual samples, and the heatmap.2 function in R was used to visually identify batch effects from the TMT-label, experimental sample number, shipment batch number or Tromsø survey visit number.
Statistical analysis
Univariate and multivariate linear regression adjusting for age, sex and BMI were performed to identify VTE-biomarker candidates with significantly different protein expression levels between cases and controls. To stabilize estimates in the multivariate linear regression, 10 measurements were required per explanatory variable (i.e. only proteins with valid measurements in at least 40 samples were analyzed). Regression coefficients were standardized according to the standard deviation of the control group. We used a significance threshold of P < 0.05. Principal component (PC) analysis was performed for the proteins that were identified in all samples. All analyses were performed in R (version 3.3.3) using standard packages.
Results
We established a case-control study of 100 VTE cases and 100 controls matched for age and sex with plasma samples available from the Tromsø Study that passed quality control procedures ( Fig. 1) (baseline characteristics in Table S1 ). TMT10-multiplexing and liquid chromography-MS3 was used to generate plasma proteomic profiles of each individual sample in 25 multiplexed mass spectrometry experiments. We identified and performed relative quantification of 6117 peptides mapping to 681 proteins in 200 human plasma samples ( Fig. 2A) . Of the 681 proteins identified, 287 proteins (42%) were measured in all samples and 431 proteins (63%) were measured in more than half of the samples (Fig. 2B) . Of the 681 proteins, 488 (71%) were identified by more than one peptide and a median of three peptides per protein were used for identification (Fig. 2C) . A two-step normalization was performed to account for slight differences in pipetting and TMT-labeling efficiency, and to allow comparison of relative protein levels across all samples in the study (Figure S2A and S2B). A heatmap of Spearman's correlations revealed two clusters of highly correlated samples. These clusters contained almost exclusively samples collected at the second visit of the Tromsø survey, and only a single sample collected at the second visit was not found in these two clusters ( Figure S2C ). Therefore, the 24 samples collected at the second visit were removed from the analysis. Additionally, eight samples obtained from participants with active cancer at the time of blood sampling were removed (i.e. individuals diagnosed with cancer within 5 years before to 1 year after blood sampling). Baseline characteristics of the study participants after the removal of these 32 samples are summarized in Table 1 . Data normalization and clustering analysis were re-performed. Clustering analysis revealed no batch effects of shipment number, MS experiment number or TMT-label and indicated appropriate data normalization ( Fig. 2D and Figure S2C ). The normalized protein estimates from two technical replicates showed high correlations (range [0.80-0.98], median 0.91).
The normalized relative protein levels were regressed on age, sex, BMI and VTE status in a multivariate linear model. To yield stable estimates we required a minimum of 40 measurements for a protein to be considered. The obtained P-value for the association with VTE status was used to evaluate the biomarker potential for each protein.
Out of the 501 proteins tested in the multivariate analysis, 46 proteins had P-values below the 0.05 significance threshold ( Fig. 3 and Table S2 ). For the proteins that were identified in too few samples to be considered in multivariate analysis, univariate statistics are provided in Table S2 .
Based on statistical probability, the strongest biomarker candidate identified in this study was transthyretin with a nominal P-value of 0.00015 (Fig. 3) . We also found vitamin K-dependent protein Z (ProZ) to be overexpressed in cases although with a less extreme P-value of 0.0018 (Fig. 3) . Interestingly, the third lowest P-value was obtained for protein/nucleic acid deglycase DJ-1 (DJ-1) (P = 0.0055), which is also the candidate with the largest effect size (Fig. 3) . Figure 4 shows the relative protein estimates for cases and controls for each of the three aforementioned biomarker candidates.
We explored the association between biomarker candidates and VTE as a function of time between blood sampling and occurrence of VTE (Table S3) .
The beta coefficients for the association between ProZ and VTE were higher when the time between blood sampling and event was short (Fig. 5A) , whereas the beta coefficients for the association between transthyretin and VTE were stable over time (Fig. 5B) .
We found a significant inverse correlation (Pearson's R = À0.41, P-value = 0.0046) between the plasma levels of transthyretin and DJ-1 (Fig. 6 ). Sequence analysis revealed that the proposed optimal target sequence for DJ-1-mediated proteolysis is found in transthyretin, and may suggest that DJ-1 mediates cleavage of transthyretin after position V36 ( Figure S4 ) [34] . In our panel of predictive biomarker candidates, we found coagulation factor IX, galectin-3-binding protein and both subunits of the heterodimeric S100A8/9 (correlation between subunits R 2 = 0.993) to be differentially expressed in cases and controls (Figure S3A-C and  Table S2 ). These biomarker candidates have previously been linked to VTE in retrospective case-control studies [35, 36] or in animal models of VTE [37, 38] . Moreover, our candidate list included proteins related to the complement system and the protein Z-dependent protease inhibitor. The previously described predictive VTE biomarker von Willebrand factor showed differences in expression levels in the expected direction (i.e. overexpressed in VTE cases) without reaching statistical significance (P-value = 0.16) [18, 39] . (Figure S3D and Table S2 ).
To identify the major contributors to variation in the plasma proteomes, we performed a principle component (PC) analysis. The variations explained by the first and second PCs were 16.3% and 6.3%, respectively ( Fig. 7A and B). We investigated our biomarker candidates for their contributions to the first two PCs, PC1 and PC2, by plotting the loadings of PC1 and PC2 for each protein (Fig. 7C) . We identified a cluster of highly correlated VTE biomarker candidates with positive loadings for PC2 ( Fig. 7C and Table S4 ). Within this cluster, the highly correlated S100A8 and S100A9 were found together with four proteins that appeared to originate from tissue leakage.
Discussion
In this study, we present a large-scale MS3-based plasma proteomic profiling with the objective to discover novel biomarker candidates with the potential to predict incident VTE in the general population. We identified a panel of 46 biomarker candidates that included transthyretin, ProZ and DJ-1 as the most promising candidates. Moreover, we revealed a negative correlation between transthyretin and DJ-1, which indicates that these VTE biomarker candidates may interact with each other in blood plasma. Finally, we support the concept that the proteins galectin-3-binding protein and S100A8/S100A9, previously reported to be involved in VTE pathogenesis using mouse models, are predictive biomarker candidates in humans. Moreover, the identification of galectin-3-binding protein and S100A8/9 as biomarker candidates, and the expected direction of difference in von Willebrand factor expression, lend conceptual support to the validity of this study.
Of the 681 proteins identified, 501 proteins were detected in a sufficient number of samples to allow multivariate analysis. We chose to present all proteins with P-values below 0.05 as biomarker candidates. This resulted in a panel of 46 proteins. When 501 statistical tests are conducted at a 0.05 significance threshold, 25 type I errors are expected. In a discovery study, the aim is to identify as many promising candidates as possible. Therefore, we omit control of the study-wide type I error rate because limitation here will increase the chance of type II error. Inflation of the type II error will erode the objective of a discovery study when followed-up by a validation study. Therefore, we promoted all candidates with P-values below 0.05 to our future validation study.
As we identified a high number of candidate biomarker proteins associated with VTE, it is possible that many proteins act together to increase risk. The associations of VTE with elevated thrombin potential and hypofibrinolytic capacity support this notion [14] [15] [16] 19] . Indeed, knowledge about non-linear interactions between single risk factors, such as the non-additive effects of prothrombin mutation 20210A and factor V Leiden [40] , will be of pivotal importance in meeting the challenge of VTE prediction and suggests a need for the development of panels of cooperating biomarkers [41] .
The strongest plasma biomarker candidate that we identified, transthyretin, forms a homotetramer that has two binding sites for thyroxine [42] . Transthyretin misfolding can lead to amyloidosis, which affects as much as 25% of the elderly population and may be linked to VTE through low-grade inflammation [43, 44] . Interestingly, the inverse correlation between transthyretin and DJ-1 identified in this study is consistent with a previously reported proteolytic role for DJ-1 towards transthyretin reported in a study that also found an association between transthyretin amyloidosis and the secretion of an inactive form of DJ-1 [45] . Alternative mechanistic explanations for DJ-1-mediated protection against VTE could be a reduction of advanced glycation end-products or protection against oxidative stress that may contribute to VTE development [46, 47] .
This study showed an upregulation of ProZ in subjects who later developed VTE, which might be surprising given its regulatory role in coagulation. Deficiency in ProZ has previously been associated with increased risk of VTE in retrospective studies [48] [49] [50] . However, in these studies, blood was sampled after the occurrence of VTE, entailing the risk of reverse causation. We note that plasma levels of ProZ are known to be affected by warfarin treatment and oral contraceptive use, and that a more controversial inverse relationship with interleukin-6 levels has been described [48, 50, 51] . In plasma, ProZ is bound to a stoichiometric excess of protein Z-dependent protease inhibitor and promotes its inhibition of coagulation factor Xa [52] . However, ProZ also impairs antithrombin-mediated inhibition of coagulation factor Xa, which in combination with the vulnerability of protein Z-dependent protease inhibitor function to lipid oxidation, may result in a procoagulant effect of ProZ in microenvironments with high levels of oxidative stress [52, 53] . Our study is the first prospective study to assess the association between ProZ plasma levels and risk of future incident VTE. The strength of our study lies in the combination of an epidemiological study design with the hypothesis-free discovery approach offered by MS3-based proteomics. The source cohort is recruited from a single-centered survey of the general population with a 77% participation rate that limits selection bias. Important to the discovery of predictive biomarkers, blood samples were drawn years before the VTE events occurred, and the VTE events were well validated without knowledge of the proteome status. Additionally, we exploited the improved quantitative accuracy of MS3 and obtained individual untargeted plasma proteomic profiles [25] . Because the current study was an untargeted discovery study, a limited number of cases and controls were included. Unfortunately, we did not have statistical power to perform further subgroup analyses of DVT and PE.
Biomarkers can be differently associated with DVT and PE, as recognized by the factor V Leiden paradox, and such differences could potentially have attenuated our findings [54] . Moreover, although we excluded individuals who had cancer at the time of blood sampling, we did not exclude subjects who later developed cancer-related VTE. Unsupervised clustering analysis revealed that the plasma proteome of those with cancer-related VTE did not differ from that of the remaining participants. However, we cannot completely rule out the possibility that inclusion of cancer-provoked VTEs could have attenuated our findings.
In general, an important limitation of the data-dependent MS approach is the decreasing detectability of proteins with their decreasing abundancy. For example, we detected candidates like DJ-1, structural maintenance of chromosomes protein 5, complement component C1q receptor, and adenosine deaminase CECR1 in just enough samples to allow multivariate assessment. The statistical significance of these candidates was driven by large effect size, which may suggest these candidates to be the stronger predictive biomarkers for VTE. We offered univariate statistics for proteins that were detected in too few samples to yield stable estimates.
Finally, the immense dynamic range of abundances of the several thousand proteins found in plasma prohibits their detection by a single technique [55] . We depleted the two most abundant plasma proteins, but abstained from extensive sample depletion in order to avoid depletion of important components of the coagulation system, such as fibrinogen. This depletion strategy limited the number of plasma proteins that could be detected in this study, in particular small proteins with low abundancy.
In conclusion, we present a large-scale MS3-based plasma proteomic profiling study designed to discover biomarker candidates with the potential to predict incident VTE in the general population. In a prospective case-control design with a discovery approach, we identified a panel of 46 biomarker candidates, including transthyretin, ProZ and DJ-1. The biomarker candidates will be further validated in a larger, nested case-control study. Fig. S4 . The proposed optimal cleavage sequence of DJ-1 [34] : VKV is highlighted in red in the primary sequence of transthyretin. The proposed cleavage site is indicated by > <. Table S1 . Baseline characteristics of full case-control sample set. Table S2 . Transcript identifier for all identified proteins is given with the number of peptides used for identification. For each protein, the number of detections in case and control samples is provided. The standardized regression coefficients and P-values for VTE status are provided for multivariable linear regression with adjustment for age, sex and BMI and for univariate linear regression. Corresponding Uniprot protein or Ensembl gene descriptions are provided. Table S3 . Transcript identifier and Uniprot description for all proteins achieving at least one P-value below 0.05 in time-restricted analysis. For cases to be included in the analysis the time between blood sampling and VTE could not exceed the T(max) given in years in the top row. For each protein, the number of detections in case and control samples is provided with the number of peptides used for identification. The standardized regression coefficients and associated P-values for VTE status are provided for multivariable linear regression with adjustment for age, sex and BMI for time restrictions down to 2 years. Univariate linear regression values are provided for restriction to 1 year and indicated by *. Regression coefficients with associated P-values <0.05 are highlighted in green. Table S4 . Pearson correlation coefficients of the biomarker candidate cluster with positive loadings for PC2 (Fig. 7C ). Gene symbols are used for brevity. TPI1, triosephosphate isomerase; S100A8, protein S100-A8; S100A9, protein S100-A9; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CFL1, cofilin-1; ARHGDIB, Rho GDP-dissociation inhibitor 2. Data S1. Supplementary methods.
